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Abstract
In this work, we develop novel mesoporous silica composite nanoparticles (hm-SiO2(AlC4Pc)
@Pd) for the co-delivery of photosensitizer (PS) tetra-substituted carboxyl aluminum
phthalocyanine (AlC4Pc) and small Pd nanosheets as a potential dual carrier system to combine
photodynamic therapy (PDT) with photothermal therapy (PTT). In the nanocomposite, PS
AlC4Pc was covalently conjugated to a mesoporous silica network, and small Pd nanosheets
were coated onto the surface of mesoporous silica by both coordination and electrostatic
interaction. Since small Pd nanosheets and AlC4Pc display matched maximum absorptions in the
600–800 nm near-infrared (NIR) region, the fabricated hm-SiO2(AlC4Pc)@Pd nanocomposites
can generate both singlet oxygen and heat upon 660 nm single continuous wavelength (CW)
laser irradiation. In vitro results indicated that the cell-killing efficacy by simultaneous PDT/PTT
treatment using hm-SiO2(AlC4Pc)@Pd was higher than PDT or PTT treatment alone after
exposure to a 660 nm CW-NIR laser.
S Online supplementary data available from stacks.iop.org/NANO/25/285701/mmedia
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1. Introduction
Photodynamic therapy (PDT) has emerged as a new kind of
cancer treatment modality during the past two decades. PDT is
based on the concept that a photosensitizer (PS) can preferably
accumulate in the cancer and generate reactive oxygen species
(ROS) upon proper light irradiation to destroy the lesion [1, 2].
To date, several classes of PSs, including porphyrins, chlorines,
metal phthalocyanines (MPcs), phenothiazinium compounds,
etc, have been officially approved or are under preclinical
testing for PDT [3, 4]. However, most PSs are hydrophobic
species and are prone to aggregate after intravenous injection,
which will decrease the efficacy of PDT [5]. To improve the
water solubility of PSs, as well as to enhance their delivery into
cancer cells, various carriers have been developed for the
effective delivery of PSs [5–16]. These colloidal carriers can
protect PSs from aggregation in a physiological environment
and ensure their homogeneous distribution in target tissues.
Among them, mesoporous silica nanoparticles (MSNs) have
gained popular use as PS carriers owing to their high pore
volume, large surface area, good biocompatibility and easy
surface functionalization [9–16].
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In order to further improve the therapeutic index of PDT, a
new strategy in current nanotechnology is to combine PDT with
other treatment modalities, e.g. photothermal therapy (PTT)
[15–21]. By loading PSs onto near-infrared (NIR) absorption
photothermal nanomaterials, such as Au, carbon and Pd
nanostructures, researchers have investigated the combined
therapeutic effect of PDT and PTT [15, 17–21]. These nano-
composites showed a synergistic effect of combining PDT and
PTT both in vitro and in vivo under NIR irradiation.
Although high therapeutic outcomes can be obtained via
synergistic effects in most of the studies mentioned above,
two different wavelength lasers were usually required to
excite PDT and PTT separately due to the absorption mis-
match of photothermal reagents and PSs at NIR region. Using
two lasers for sequential irradiation of the composite nanos-
tructure will complicate the treatment process, as it is difficult
to focus two laser beams on the same position. Thus, devel-
oping a simple and effective strategy for simultaneous PDT
and PTT treatment is highly desirable.
In this work, we describe a novel type of nanocompo-
site based on small Pd nanosheets covered with hollow
mesoporous nanoparticles functionalized with a PS drug,
tetra-substituted carboxyl aluminum phthalocyanine
(AlC4Pc). In the nanocomposite, AlC4Pc, a potential second-
generation PS displaying strong absorption in the
600–800 nm phototherapeutic window and high efficiency in
the photogeneration of singlet-oxygen [13] were covalently
conjugated to the mesoporous silica network, and small Pd
nanosheets, which also exhibited high absorption in the
600–800 nm NIR region and high photothermal conversion
efficiency [22], were modified on the surface of mesoporous
silica by both electrostatic and coordination interaction. The
prepared nanocomposites have the following merits: (i)
using the biocompatibility of hollow mesoporous silica
nanoparticles as a carrier not only improves the water-
solubility of PS molecules, making them more efficient in
the photogeneration of singlet oxygen, but also provides a
convenient surface for various functionalization; (ii) covalent
coupling of PS molecules in the rigid mesoporous structure
helps to obviate the degradation of PS in harsh biological
environments, and overcomes their premature release; (iii)
Pd nanosheets are a new kind of promising photothermal
agent due to their strong absorption in the NIR region, high
photothermal conversion efficiency, excellent photothermal
stability and biocompatibility [22–24]. By changing the
synthesis condition, a series of Pd nanosheets with different
sizes can be obtained; (IV) more importantly, due to the
matched maximum absorptions between small Pd nanosheets
and AlC4Pc in the NIR region, the prepared dual-loaded
nanocomposite synchronously exhibited photothermal and
photodynamic effects upon single continuous wavelength
laser irradiation, which will greatly simplify the experi-
mental process and enhance therapeutic efficiency. We
investigate the combination treatment effect of PDT and
PTT with the nanocomposite on HeLa cells in vitro, and we
believe that the results presented here will stimulate
advances in the use of silica-based multifunctional nano-
materials for therapeutic applications.
2. Experimental section
2.1. Materials
Pd(II) acetylacetonate (Pd(acac)2), tetraethoxysilane (TEOS), 3-
aminopropyltriethoxysilane (APTES) and 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from Alfa Aesar. Tetrabutylammonium bromide
(TBAB), poly(vinylpyrrolidone) (PVP, MW=30 000 daltons)
and cetyltrimethylammonium bromide (CTAB) were obtained
from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
Tetra-substituted carboxyl aluminum phthalocyanine (AlC4Pc)
was synthesized and purified according to a method in the lit-
erature [25]. HeLa cells were purchased from the cell storeroom
of the Chinese Academy of Science. All other chemicals were of
analytical-reagent grade and were used without further pur-
ification. The water used in all experiments was ultra-pure.
2.2. Preparation of hm-SiO2(AlC4Pc) nanoparticles
2.2.1. Synthesis of solid SiO2 nanoparticles (sSiO2). Solid
SiO2 nanoparticles (sSiO2) were obtained using a modified Stöber
method. Briefly, 60ml of ethanol, 1ml of ultra-pure water and
3ml of ammonium aqueous solution (∼28%) were mixed and
stirred for 1 h, then 2.3ml of TEOS was added. The mixture was
stirred for 6 h to get the sSiO2 nanoparticles solution.
2.2.2. Synthesis of the AlC4Pc silanization precursor (AlC4Pc-
APTES) for grafting onto the mesoporous silica shell. To
covalently bind the PS of AlC4Pc to the mesoporous silica shell,
AlC4Pc was first reacted with APTES in the presence of EDC to
form the AlC4Pc silanization precursor. In a typical procedure,
1 ml (5.0mgml−1 in DMSO) of AlC4Pc and 100 μl of APTES
were mixed. Next, 10mg of EDC and 10mg of NHS were
added into the mixture and stirred for 12 h at room temperature.
2.2.3. Synthesis of the AlC4Pc-covalently-grafted
sSiO2@CTAB/SiO2 (sSiO2@CTAB/SiO2(AlC4Pc)). 6 ml of
the above prepared sSiO2 nanoparticles solution, 4.0 ml of
ethanol and 20ml water were mixed first. To this solution,
7.5 ml of CTAB solution (75mg CTAB dissolved in 7.5 ml
mixture solution of water and ethanol (v:v= 2:1)) was added and
stirred for half an hour. Then 50 μl ammonium aqueous, 125 μl
TEOS and various volumes of AlC4Pc–APTES (e.g. 0, 50, 100,
150, 200 and 250 μl) were added and stirred for 12 h. The
AlC4Pc modified sSiO2@CTAB/SiO2 nanoparticles were
collected by centrifugation, and the amount of unconjugated
AlC4Pc in the supernatant was quantified by the calibration
curve of AlC4Pc at 687 nm (figure S1). The difference between
the amount of AlC4Pc-APTES added for the sol-gel reaction and
the amount of AlC4Pc in the supernatant was used for the
determination of the loading amount of AlC4Pc into the
following prepared hm-SiO2(AlC4Pc) nanoparticles (figure S2).
2.2.4. Preparation of AlC4Pc modified hollow mesoporous SiO2
nanoparticles (hm-SiO2(AlC4Pc)). To transform
sSiO2@CTAB/SiO2(AlC4Pc) to hm-SiO2(AlC4Pc), 10 ml of
the above solution containing 50 mg of sSiO2@CTAB/
2
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SiO2(AlC4Pc) was added with 232 mg of Na2CO3 and the
mixture was stirred at 50 °C for 11 h. The prepared products
were collected by centrifugation. To remove the surfactant
template, the products were re-dispersed in 50 ml ethanol
containing 0.6 g NH4NO3. The mixture was heated to 45 °C
under stirring for 6 h, and then the products were collected by
centrifugation and washed with ethanol several times. The
procedures were repeated three times.
2.3. Synthesis of hm-SiO2(AlC4Pc)-NH2
50 mg of hm-SiO2(AlC4Pc) was dispersed in 25 ml of ethanol,
then 25 μl of water and 25 μl of APTES were added, and the
mixture was heated to 45 °C for 8 h. The nanoparticles were
washed three times with ethanol, and finally re-dispersed in
ethanol for subsequent use.
2.4. Synthesis of hexagonal small Pd nanosheets
10 mg of Pd(acac)2, 32 mg of PVP and 30.6 mg of NaBr were
dissolved in 2 ml of N,N-Dimethylpropionamide, and then
4 ml of water was added to the mixture. The resulting
homogeneous yellow solution was transferred to a glass
pressure vessel. The vessel was then charged with CO to 1 bar
and heated at 100 °C for 1.5 h. The obtained dark blue solu-
tion was stored at 4 °C for further use.
2.5. Synthesis of hm-SiO2(AlC4Pc)@Pd
2.0 mg of hm-SiO2(AlC4Pc)-NH2 were dispersed in 1.0 ml of
ultra-pure water, and 125, 250 and 500 μg of Pd nanosheets
were added. After stirring for 30 min, the resultant products
were collected by centrifugation, washed with water and re-
dispersed in PBS solution.
According to the calibration curve of Pd nanosheets
(figure S3), the loading amount of Pd nanosheets on the hm-
SiO2(AlC4Pc)-NH2 can be determined by the difference
between the added Pd amounts and the Pd in the supernatant
after centrifuging the hm-SiO2(AlC4Pc)@Pd.
2.6. Singlet oxygen detection
To assess the generation of singlet oxygen (1O2) from hm-
SiO2(AlC4Pc)@Pd, 1,3-diphenylisobenzofuran (DPBF) was
used as a probe molecule. DPBF can react irreversibly with 1O2
to cause a decrease in the DPBF absorption at about 400 nm. In
a typical process, 50 μl of DPBF (1.5 mgml−1 in acetonitrile)
was added into 2ml of nanoparticles solution (0.2 mgml−1 in
acetonitrile), while the controls used DPBF with hm-
SiO2(AlC4Pc) or DPBF with Pd nanosheets in acetonitrile. The
solutions were then irradiated with a 660 nm laser source
(0.5W cm−2) for different time periods, and their optical den-
sities at 411 nm were recorded in a UV-2550 spectrophotometer.
2.7. Cellular experiments
2.7.1. Cell culture. HeLa cells were grown in RPMI-1640
culture medium supplemented with 10% calf serum, 1%
penicillin and 1% streptomycin in 37 °C under 5% CO2.
2.7.2. Cell uptake studies. HeLa cells were seeded in
35 mm culture dishes at a density of about 1 × 105 cells per
dish and cultured for 24 h. The cell medium was replaced
by fresh medium containing 200 μg ml−1 hm-SiO2(AlC4Pc)
@Pd and incubated for 4, 8 and 12 h, respectively. After
washing the cells with PBS for several times, the cell
nucleic were stained with 4′,6′-diamidino-2-phenylindole
(DAPI) solution (5 μg mL−1), fluorescence imaging was
performed on an Olympus Fluoview 1000 laser-scanning
microscope.
2.7.3. Cytotoxicity of the hm-SiO2(AlC4Pc)@Pd. The cell
toxicity of the hm-SiO2(AlC4Pc)@Pd was evaluated by
measuring the viability of HeLa cells in the presence of
different concentrations of nanoparticles. HeLa cells were
seeded in 96-well plates at a density of 10 000 cells per well
for 24 h and then added with different amounts of the
prepared nanoparticles. After 12, 24 and 48 h of incubation at
37 °C, the viability of the cells was determined by using the
MTT assay.
2.7.4. Cancer cell killing efficiency of nanoparticles. To
investigate the cancer cell killing efficiency, HeLa cells
were incubated with hm-SiO2(AlC4Pc), hm-SiO2@Pd
and hm-SiO2(AlC4Pc)@Pd at the same concentration (100
or 200 μg ml−1) under 37 °C for 12 h, and then exposed to the
660 nm continuous wavelength laser at a power density of
0.5W cm−2 for 7 or 10 min. A standard MTT assay using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was conducted to determine cell viability.
In addition, microscopic images of trypan-blue-stained
dead cells after incubation with 200 μg ml−1 of hm-
SiO2(AlC4Pc)@Pd, hm-SiO2(AlC4Pc) and hm-SiO2@Pd
under the irradiation of 660 nm laser (0.5 W cm−2) for
10 min were also observed using the fluorescence
microscopy.
Figure 1. A schematic representation for the preparation of
hm-SiO2(AlC4Pc)@Pd nanoparticles.
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2.8. Characterization
Transmission electron microscopy (TEM) studies were per-
formed using a TECNAI F-30 high-resolution transmission
electron microscope operating at 300 kV. UV/Vis absorption
spectra were measured with a Cary 5000 UV/Vis/NIR spec-
trophotometer (Varian). Zeta-potential experiments were
carried out on a Nano-ZS (Malvern Instruments).
3. Results and discussion
3.1. Synthesis and characterization of hm-SiO2(AlC4Pc)@Pd
nanoparticles
The hm-SiO2(AlC4Pc)@Pd nanoparticles were fabricated
according to the process depicted in figure 1. In brief,
monodisperse solid SiO2 nanoparticles (sSiO2) were first
prepared using a modified Stöber method. The prepared sSiO2
were then coated with CTAB/SiO2 shell (sSiO2@CTAB/
SiO2) via base-catalyzed hydrolysis of TEOS and condensa-
tion of silica onto the surface of CTAB pre-coated sSiO2.
Simultaneously, the PS AlC4Pc were also covalently incor-
porated into the silica shell by reacting the carboxylic groups
of AlC4Pc with amino groups of APTES in advance to form a
AlC4Pc-APTES conjugate that could co-hydrolyze and con-
dense with TEOS during the sSiO2@CTAB/SiO2 synthesis
step (sSiO2@ CTAB/SiO2(AlC4Pc)). To evolve
sSiO2@CTAB/SiO2(AlC4Pc) with hollow cores and pene-
trating pore channels (hm-SiO2(AlC4Pc)), Na2CO3 was uti-
lized to remove sSiO2 core-generating templates and
NH4NO3 was used to remove CTAB pore-generating tem-
plates in turn. Finally, small Pd nanosheets were deposited
onto the surface of amino-modified hm-SiO2(AlC4Pc) nano-
particles to obtain hm-SiO2(AlC4Pc)@Pd nanoparticles.
As shown in the transmission electron microscope (TEM)
images of figures 2(a) and (b), after loading AlC4Pc, the
prepared hm-SiO2(AlC4Pc) nanoparticles had a uniform dia-
meter of ∼170 nm (figure 2(b)), which was similar to that of
hm-SiO2 (figure 2(a)). The transparency of the core of the hm-
SiO2(AlC4Pc) confirms their hollow characteristics. The shell
of the hm-SiO2(AlC4Pc) with a thickness of ∼26 nm displays
an obvious wormhole-like mesoporous silica structure gen-
erated by the removal of pore templates. The hollow meso-
porous silica structure not only improves the hydrophilic
property of the PS molecules, but also be helpful to the dif-
fusion of ground state O2 that interacts with the PSs for
Figure 2. TEM images of the hm-SiO2 (a), hm-SiO2(AlC4Pc) (b) and hm-SiO2(AlC4Pc)@Pd (c) nanoparticles. Inset in figure 2(c): TEM
image of small Pd nanosheets. (d) Zeta potentials of Pd nanosheets, hm-SiO2(AlC4Pc), hm-SiO2(AlC4Pc)-NH2 and hm-SiO2(AlC4Pc)@Pd
nanoparticles in water.
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effective singlet oxygen generation. The generated singlet
oxygen can also be easily released from the matrix.
After reacting with APTES, the hm-SiO2(AlC4Pc) nano-
particles were endowed with amino groups on their surfaces
(hm-SiO2(AlC4Pc)-NH2). These amino-bearing particles have a
zeta potential of +21.4 mV (figure 2(d)). Then the negatively
charged Pd nanosheets (∼4.4 nm in diameter (inset of
figure 2(c)) and ζ=−21.0 mV (figure 2(d)) were deposited onto
the surface of hm-SiO2(AlC4Pc)-NH2 by electrostatic and
coordination interaction between the amino groups and the Pd
nanosheets. As seen from figure 2(c), Pd nanosheets were
clearly visible on the surface of hm-SiO2(AlC4Pc)-NH2, and
the zeta potential of hm-SiO2(AlC4Pc)@Pd was −9.6 mV
between the values of Pd nanosheets and hm-SiO2(AlC4Pc)-
NH2, implying that the Pd nanosheets were successfully coated
on hm-SiO2(AlC4Pc)-NH2.
3.2. Spectroscopic properties of hm-SiO2(AlC4Pc)@Pd
Figure 3 shows the UV-Vis-NIR absorption spectra of
AlC4Pc, Pd nanosheets, hm-SiO2(AlC4Pc) and hm-
SiO2(AlC4Pc)@Pd. Free AlC4Pc has a strong Q-band
absorption peak at 687 nm. After conjugating it into silica
shell, the characteristic absorption of hm-SiO2(AlC4Pc) is
similar to that of AlC4Pc, indicating no change in the chro-
mophore upon conjugation. However, an obvious oligomers
absorption peak at 650 nm occurs due to the aggregation of
AlC4Pc. The amount of bound AlC4Pc onto hm-
SiO2(AlC4Pc) was determined indirectly by the difference
between the amount of AlC4Pc-APTES added for the sol-gel
reaction and the amount of AlC4Pc in the supernatant through
the calibration curve of AlC4Pc at 687 nm (figure S1). As
shown in figure S2, the amounts of loading AlC4Pc increased
as the rise of adding AlC4Pc-APTES volume and remained
almost invariable at about 1.2 wt% (200 μl AlC4Pc-APTES).
Therefore, hm-SiO2(AlC4Pc) nanoparticles with 1.2 wt%
AlC4Pc loading was used for our study. After coating Pd
nanosheets onto the nanoparticles, hm-SiO2(AlC4Pc)@Pd
exhibited an increased absorption band from visible to NIR
owing to the wide absorption of Pd nanosheets at the wave-
length range of 500–800 nm. Relative to typical milk-white-
colored non-AlC4Pc-containing hm-SiO2 nanoparticle solu-
tion (figure S2), a clearly blue-colored water solution (inset of
figure 3 and figure S2(b)) could be seen in the sample of hm-
SiO2(AlC4Pc), demonstrating the successful loading of
AlC4Pc within the silica matrix. After anchoring Pd nanosh-
eets onto the nanoparticles, the color of the solution further
changed into black-blue (inset of figure 3). Similarly, the
loading amount of Pd nanosheets can be calculated to be
about 5 wt% according to the calibration curve of Pd
nanosheets (figure S3 and figure S4).
Since PS AlC4Pc were covalently conjugated to the
mesoporous silica network of hm-SiO2(AlC4Pc)-NH2 nano-
particles, and small Pd nanosheets were coated onto their
surfaces by electrostatic and coordination interaction, it was
expected that the prepared hm-SiO2(AlC4Pc)@Pd displayed
good dispersion stability in some physiological solutions,
such as phosphate-buffered saline (PBS) and cell culture
medium. To test this, both hm-SiO2(AlC4Pc)-NH2 and hm-
SiO2(AlC4Pc)@Pd were dispersed in PBS and RPMI 1640
cell medium with 10% fetal bovine serum (FBS) for 12 h,
respectively. After centrifuging, the supernatants were sub-
jected to UV-Vis adsorption measurements. As illustrated in
figure S5, no obvious signals of phthalocyanine or Pd
nanosheets can be detected from the adsorption spectra of the
supernatants in both PBS and RPMI 1640, suggesting that the
hm-SiO2(AlC4Pc)-NH2 and hm-SiO2(AlC4Pc)@Pd nano-
particles were very stable against dye leaching and had
excellent dispersion stability in physiological solutions.
3.3. Singlet oxygen generation and photothermal effect of hm-
SiO2(AlC4Pc)@Pd
As a potential second-generation PS, AlC4Pc has good pho-
todynamic effects because of its intense absorption at the NIR
region, which is the penetration window of tissues, and its
highly efficient singlet oxygen photogeneration [13]. To verify
the production of 1O2 by hm-SiO2(AlC4Pc)@Pd, a chemical
method was used by the photodegradation of DPBF, which
caused a decrease in DPBF absorption intensity at 411 nm. As
shown in figure 4(a), the absorption intensity of DPBF at about
411 nm in hm-SiO2(AlC4Pc)@Pd solutions decreased con-
tinuously with the 660 nm laser irradiation (0.1W cm−2),
which is similar to that of hm-SiO2(AlC4Pc) (line 3 of
figure 4(b)). In contrast, no detectable bleaching of the DPBF
absorption at 411 nm was observed for the Pd nanosheets
under the same irradiation (line 1 of figure 4(b)), confirming
that the photo-oxidation of DPBF is a result of a combined
effect of hm-SiO2(AlC4Pc)@Pd and light irradiation.
Because small Pd nanosheets conjugated onto the hm-
SiO2(AlC4Pc)-NH2 still maintained their strong absorption in
Figure 3. UV-Vis-NIR absorption spectra of free AlC4Pc, hm-
SiO2(AlC4Pc), Pd nanosheets and hm-SiO2(AlC4Pc)@Pd. Inset,
digital photographs of hm-SiO2(AlC4Pc) (blue) and hm-
SiO2(AlC4Pc)@Pd (dark blue) in PBS buffer (pH 7.4).
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the range of 500–800 nm with maximum wavelength located
at about 660 nm (figure 3), this inspires us to investigate the
photothermal effect of hm-SiO2(AlC4Pc)@Pd under the irra-
diation of a 660 nm laser (0.5 W cm−2) that is used for the
PDT. As illustrated in figure 5, the temperature of 1.0 ml
water solution containing 200 μg of hm-SiO2(AlC4Pc)@Pd
rapidly increased from 26.4 °C to 37.4 °C after 4 min of
660 nm irradiation. While no significant temperature change
was observed for the hm-SiO2(AlC4Pc) solution under the
same irradiation conditions. These data confirm that hm-
SiO2(AlC4Pc)@Pd can effectively absorb and convert 660
light energy into heat. Therefore, hm-SiO2(AlC4Pc)@Pd was
highly desirable for both cancer cell PDT and PTT.
3.4. Biocompatibility and cell uptake of hm-SiO2(AlC4Pc)@Pd
Before using the hm-SiO2(AlC4Pc)@Pd for PDT/PTT double
therapy, we first evaluated its in vitro toxicity to cells. HeLa
cells were grown with the cell culture medium containing
nanoparticles for 12, 24 and 48 h, respectively, and then cell
viability was determined using the MTT assay. Figure 6(a)
shows that the nanoparticles at different concentrations have
no obvious cytotoxic effect on cell viability after 48 h expo-
sure, even at a high dose up to 400 μg ml−1. When cells
incubated with nanoparticles were observed under the
microscope, the cells still kept good morphology (figure 6(b)).
The results indicate that these nanoparticles have good bio-
compatibility and would be promising for application in
cancer therapy.
To achieve good phototherapeutic effect, the efficient
internalization of hm-SiO2(AlC4Pc)@Pd nanoparticles into
cells is very important since the cells can easily be destroyed
by both heat and 1O2 produced from the nanoparticles. Inter-
esting, as AlC4Pc are fluorescent molecules, they can also
offer a means for cell imaging. To monitor the intracellular
uptake of nanoparticles, HeLa cells were incubated with the
hm-SiO2(AlC4Pc)@Pd for 4, 8 and 12 h, respectively. After
washing the unbound nanoparticles, the cells were imaged by
confocal laser microscopy. The cell nuclei were stained with
DAPI. It was found that the cellular uptake of hm-
SiO2(AlC4Pc)@Pd nanoparticles was time-dependent
(figure 7). With the increase of incubation time, more strong
red fluorescence emitted by AlC4Pc from the nanoparticles was
observed on the membrane and inside the cytoplasmic regions
of the cells (figure 7(d)), implying more nanoparticles were
taken in by cells. When the incubation time is 12 h, observation
from fluorescent microscopy indicated that there were plenty of
nanoparticles in cells. Therefore, 12 h was chosen as the proper
incubation time of nanoparticles with cells.
Figure 4. (a) Absorption intensity decreasing of DPBF in hm-SiO2(AlC4Pc)@Pd aqueous solution with the irradiation time of 660 nm light
(0.1 W cm−2). (b) Absorption of DPBF at 411 nm as a function of irradiation time in the presence of Pd nanosheets (1), hm-SiO2(AlC4Pc)
@Pd (2) and hm-SiO2(AlC4Pc) (3) aqueous solutions under the irradiation of 660 nm laser (0.1 W cm
−2).
Figure 5. Temperature increase of distilled water, water dispersed
hm-SiO2(AlC4Pc) and hm-SiO2(AlC4Pc)@Pd upon irradiation with
a 660 nm laser (0.5 W cm−2). The concentrations of nanoparticles
were 200 μg ml−1.
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Figure 6. (a) The viability of HeLa cells incubated with different concentrations of hm-SiO2(AlC4Pc)@Pd for 12, 24 and 48 h, respectively.
(b) The cell morphology of HeLa cells incubated with hm-SiO2(AlC4Pc)@Pd at 400 μg ml
−1 for 12 h.
Figure 7. Confocal fluorescence images of HeLa cells after incubation with hm-SiO2(AlC4Pc)@Pd (200 μg ml
−1) for 4 (a), 8 (b) and 12 h (c),
respectively. (d) Merging of images of nanoparticles, bright-field and DAPI fluorescence after 12 h incubation. The cell nuclei were stained
with DAPI (blue fluorescence).
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3.5. In vitro photodynamic and photothermal double therapy
using hm-SiO2(AlC4Pc)@Pd
To evaluate the feasibility of utilizing the hm-SiO2(AlC4Pc)
@Pd for PDT/PTT combined therapy, HeLa cells were
incubated with hm-SiO2@Pd (for PTT), hm-SiO2(AlC4Pc) (for
PDT) and hm-SiO2(AlC4Pc)@Pd at the same concentration
(100 or 200 μgml−1) for 12 h and then exposed to the 660 nm
laser at a power density of 0.5W cm−2 for 7 or 10min. A
standard MTT assay was carried out to determine the relative
viabilities of cells after irradiation. As shown in figure 8, the
combined treatment generated a significant cell death at all
tested concentrations of hm-SiO2(AlC4Pc)@Pd, compared with
hm-SiO2(AlC4Pc) or hm-SiO2@Pd with the same 660 nm
illumination. For example, by using hm-SiO2(AlC4Pc)@Pd for
both PDT and PTT, 35% of the cells were killed at the con-
centration of 200 μgml−1 with laser irradiation for 7 min. In
contrast, about 13% or 8% of the cells were killed in the
presence of 200 μgml−1 hm-SiO2(AlC4Pc) or 200 μg ml
−1 hm-
SiO2@Pd, respectively. The cell–killing efficacy by hm-
SiO2(AlC4Pc)@Pd was even higher than the sum of PDT by
hm-SiO2(AlC4Pc) and PTT by hm-SiO2@Pd. In addition, it
was found that the combined PDT/PTT therapeutic efficacy
increased with the extension of irradiation time when the laser
power density (0.5W cm−2) and nanoparticle concentration
(200 μgml−1) were kept invariable. After 10min of irradiation,
cell viability decreased to below 35% for the hm-SiO2(AlC4Pc)
@Pd treated cells. Microscopic images of trypan-blue-stained
cells (dead cells) after different treatments also confirmed that
the phototherapeutic efficiency caused by hm-SiO2(AlC4Pc)
@Pd was higher than either hm-SiO2(AlC4Pc) or hm-SiO2@Pd
alone after 10min of irradiation (figure 9). The results descri-
bed above indicated that the hm-SiO2(AlC4Pc)@Pd exhibited
excellent Pd photothermal therapy and AlC4Pc photodynamic
therapy with a synergistic effect.
Figure 8. Relative viability of HeLa cells incubated with various
concentrations of hm-SiO2@Pd, hm-SiO2(AlC4Pc) and hm-
SiO2(AlC4Pc)@Pd after irradiation by 660 nm laser (0.5 W cm
−2 for
7 min and 10 min).
Figure 9. Optical image of trypan-blue-stained HeLa cells incubated with 200 μg ml−1 hm-SiO2(AlC4Pc)@Pd (a), hm-SiO2(AlC4Pc) (b), hm-
SiO2@Pd (c) and without nanoparticles (d) after 660 nm laser irradiation (0.5 W cm
−2 for 10 min).
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4. Conclusion
In summary, hm-SiO2(AlC4Pc)@Pd have been successfully
designed for PDT/PTT double phototherapy using a single
laser (660 nm). In the nanocomposite, highly uniform,
monodisperse, and hollow mesoporous silica nanoparticles
that comprise PSs AlC4Pc for PDT and Pd nanosheets for
PTT. The prepared hm-SiO2(AlC4Pc)@Pd exhibited good
biocompatibility, easy uptake by cancer cells, high efficiency
in photogenerating cytotoxic singlet oxygen and excellent
photothermal conversion capacity, which can guarantee good
therapeutic efficacy. In vitro cancer therapy of the multi-
functional nanoparticles was evaluated. The results demon-
strated that a cooperative therapeutic system combining PDT
and PTT can produce remarkable therapeutic efficacy relative
to individual means.
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